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T H E T R A C K FO R M A TIO N T H E O R Y B Y K A T Z AND C O W O R K E R S A PPL IE D T O IO N IZ A T IO N M E A SU R E M E N T S IN N U C LEA R E M U L SIO N
O n a c o m p a ré le s p ro fils th é o riq u e s e t e x p é rim e n ta u x d e tra c e s d' io n s lo u rd s d a n s le s é m u lsio n s n u c lé a ire s. L e s e x p é rie n c e s o n t é té ré a lisé e s a v e c d e s io n s, d e c h a rg e c o m p rise e n tre 1 4 e t 2 6 e t d e v ite sse 0 ,3 < β < 0 ,8 , d o n t le s p ro fils d e tra c e s so n t m e su ré s à l' a id e d e d e u x p h o to m è tre s à d ia p h ra g m e re c ta n g u la ire . L e s c a lc u ls th é o riq u e s u tilise n t la th é o rie d e K atz d e d istrib u tio n d e l' é n e rg ie au to u r d e la tra c e e t la tra n sm issio n d e la lu m iè re d ire c te e t d iffu sé e p ar le s g ra in s d e b ro m u re d' a rg e n t. L ' a c c o rd e n tre d o n n é e s th é o riq u e s e t e x p é rim e n ta le s e st e x c e lle n t e t o n p e u t c a ra c té rise r la ré p o n se d e c h a q u e é m u lsio n p ar u n e se u le g ra n d e u r. L ' e x a m e n d e s d o n n é e s e x p é rim e n ta le s d' a u tre s a u te u rs a p e rm is d e c o n sta te r q u e la th é o rie s' a p p liq u e é g a le m e n t p o u r le s io n s d e Z > 2 6 . A B S T R A C T A c o m p a riso n w a s m a d e o f th e th e o re tic a l a n d e x p e rim e n ta l p ro file s o f h e a v y io n s tra c k s in n u c le a r e m u lsio n s. T h e e x p e rim e n ts w e re c o n d u c te d w ith io n s (c h a rg e in te rv a l 14< Z < 2 6 a n d v e lo c ity in te rv a l 0,3< β < 0 ,8 ) w h o se track p ro file s w e re m e a su re d b y m e a n s o f tw o p h o to m e te rs w ith re c ta n g u la r slits. T h e th e o re tic a l c a lc u la tio n s u se d K atz' s th e o ry o n e n e rg y d istrib u tio n a ro u n d th e tra c k a n d tra n sm ittan c e o f d ire c t a n d d iffu se d lig h t b y A g -B r g ra in s. T h e re w a s a v e ry g o o d a g re e m e n t b e tw e e n th e o re tic a l a n d e x p e rim e n ta l d a ta , a n d a sin g le q u a n tity c o u ld b e u se d to c h a ra c te riz e an e m u lsio n sta c k re sp o n se . A n e x a m in a tio n o f th e e x p e rim e n ta l d ata o b ta in e d b y o th er in v e s tig a to rs sh o w e d th at th e th e o ry a lso a p p lie d to io n s w ith Z > 2 6 .
T h e track fo rm atio n th eo ry b y K atz and co w o rk ers is b ased o n th e co n cep t of th e en erg y d o se d ep o sited b y seco n d ary electro n s at d ifferen t rad ial d istan ces fro m th e path of a p assin g io n . T h e th eo ry w as o rig in ally developed for calcu-latio n of th e track stru ctu re of h eav y io n s in n u clear em u lsio n [1 , 2 ], W h ile th e ap p licatio n of th e th eo ry in recen t y ears h as b e e n ex ten d ed to n ew areas of research , su ch as b io lo g y an d m ed icin e, th e n u clear em u lsio n still se e m s to b e b est su ited fo r a so m ew h at m o re d etailed test of th e b asic elem en ts of th e th eo ry . In th is p ap er w e g iv e th e resu lts of su ch a test, b ased o n a co m p ariso n of th e th eo retical an d ex p erim en tal data of th e tran sm ittan ce (o r ab so rp tan ce) of lig h t in an em u lsio n v o lu m e co n tain in g th e track .
T h e m easu rem en ts h av e b een m ad e w ith tw o d ifferen t ty p es of n u clear track p h o to m eter. In b o th case s th e cro ss-sectio n of th e b eam of lig h t is d e fin e d b y rectan g u lar slits w h ich are ad ju sted so that th eir len g th d im en sio n is p arallel to th e track . T h e b asic d ifferen ce b etw een th e p h o to m eters is in th e w id th of th e slit relativ e to that of th e track , as sh o w n b y th e sk etch in F ig . 1 .
T h e p h o to m eter of ty p e 1 em p lo y s a slit w h o se im ag e in th e em u lsio n p lan e is m u ch n arro w er than th e co re of th e track . T h e tran sm ittan ce is m ea su red at d ifferen t lateral d istan ces fro m th e track a x is, y ield in g a tran sm ittan ce p ro file of a sh o rt sectio n of th e track of th e ty p ical ap p earan ce sh o w n in F ig 1 .
T h e slit of a ty p e 2 ph o to m eter is statio n ary an d bro ad er than th e co re of th e track . T o o b tain th e relev an t b ack g ro u n d le v e l, tw o fu rth er slits are T Y P E 1 F ig . 1 . -A sk e tc h o f th e slit sy ste m a n d its o rie n ta tio n re la tiv e to th e tra c k fo r tw o ty p e s o f p h o to m e te r.
u sed , o n e on each sid e of th e cen tral slit w h ich co n tain s th e track . B y th is p h o to m eter o n e reco rd s th e m ean tran sm ittan ce in a sh o rt sectio n of th e track .
T h e th eo retical calcu latio n of tran sm ittan ce is carried out in tw o ste p s. In th e first step th e d istrib u tio n of g rain s at d ifferen t rad ial d istan ces t fro m th e track ax is is o b tain ed . T h e seco n d step d eals w ith th e transport of lig h t th ro u g h th e em u lsio n at a g iv e n lateral d istan ce y fro m th e track a x is.
T o calcu late th e en erg y d o se d istrib u tio n E (t) o n e n eed s to k n o w th e cro ss-sectio n fo r th e p ro d u ctio n of seco n d ary electro n s of d ifferen t e n erg ies, th e an g u lar d istrib u tio n of th e electro n s, and th eir transport an d en erg y d is sip atio n in th e em u lsio n . z b ein g th e h eig h t co o rd in ate in th e em u lsio n sh eet, i.e . y2 + z2 = t2 , an d th e in teg ratio n b ein g carried out o v er th e en tire d ep th in t erv al co n tain in g g rain s w h ich b elo n g to th e track .
T h e p h o to m eters u sed in our m easu re m en ts h av e a h ig h ap ertu re. C o n seq u en tly w e h av e to tak e in to acco u n t th e lig h t w h ich is rescattered in to th e co n e of accep tan ce. F or a b eam of p arallel lig h t th is is a seco n d o rd er effe c t w h ile in our ap paratus it m ay red u ce th e ab so rp tan ce of a track situ ated in th e m id d le of th e em u lsio n th ick n ess b y so m e 1 0 to 2 0 p . cen t. T h e m easu red ab so rp tan ce can co n v en ien tly b e sim u lated b y th e ex p ressio n -A b so rp ta n c e a s a fu n c tio n o f la te ra l d ista n c e fro m track a x is. T h e o re tic a l re la tio n sh ip s sh o w n b y so lid c u rv e s, e x p e rim e n ta l p o in ts b y c irc le s. C h a rg e in te rv a l 1 4 < Z < 2 6 , v e lo c ity in te rv a l 0 .3 < β < 0 .8 .
In ref.
[3 ] w e h av e un d ertak en a co m p ariso n of ex p erim en tal an d th eo re tical ab so rp tan ce p ro files in th e ch arg e in terv al 1 4 < Z < 2 6 an d th e v elo city in terv al 0 .3 < β < 0 .8 . T h e p aram eters n eed ed fo r th e calcu latio n of ab so rp tan ce, i.e . th e cro ss-sectio n σ an d th e c o e ffic ie n ts a v in eq u atio n (5 ), w ere d eterm in ed fro m th e ex p erim en tal d ata, u sin g a n o n -lin ear p aram eter o p tim izatio n p ro ced u re. T h e m ain resu lts of th e co m p ariso n are sh o w n in F ig . 2 w h ich is a plot of ab so rp tan ce a s a fu n ctio n of lateral d istan ce fo r io n s w ith Z an d β in th e ab o v e-m en tio n ed in terv al.
E n co u rag ed b y th e v ery g o o d ag reem en t sh o w n in F ig . 2 w e h av e in v esti g ated th e fu rth er p o ten tial u ses of th e th eo ry . O n e of th e o b jectiv e s h as b een to ex ten d th e Z an d β 3 in terv al of th e stu d y rep o rted in re f. [3 ], A n o th er o b jec tiv e h as b een to fin d out w h eth er th ere ex ists a sin g le q u an tity w h ich can b e u sed to ch aracterize an em u lsio n stack an d w h ich co n seq u en tly also can b e u sefu l fo r a co m p ariso n of d ifferen t stack s. T o d o th is w e h av e co llected ex p e rim en tal data fo r ab so rp tan ce fro m a n u m b er of in v estig atio n s p u b lish ed in th e literatu re. T h ese data h av e b een co m p ared w ith d ata calcu lated fro m K atz's th eo ry . In th e fo llo w in g so m e of th e resu lts w ill b e d isc u sse d .
In 
T h e reaso n fo r th is can b e seen fro m th e fo llo w in g . In sertin g eq u atio n s (4 ) an d (2 ) into eq u atio n (3 ) w e o b tain
F or lo w v alu es of th e en erg y d o se, i.e . E( t )<< E 0 , th e ab o v e eq u atio n tran sfo rm s to (8 ) T h u s in th is lim it th e v alu es ch o sen for σ , n 0 an d E 0 b eco m e to tally in ter d ep en d en t. W e h av e se e n th is in ref.
[3 ] w h ere th e fits b ased o n d ifferen t p o r tio n s of th e ex p erim en tal data sh o w n in F ig . 2 w ere fo u n d to y ie ld v alu es of σ an d E 0 w h ich flu ctu ate b y a s m u ch as 5 0 p . cen t w h ereas th e ratio σ /E 0 w a s fo u n d to rem ain co n stan t to b etter th an 2 p . cen t. F rom th is w e d raw th e co n clu sio n that at th e actu al Z an d β v alu es, eq u atio n (8 ) is v alid fo r a larg e p o rtio n of th e ex p erim en tal p ro file. S in c e both σ and E 0 m u st in g en eral b e d eterm in ed fro m a fit to ex p erim en tal d ata, th e ab o v e d iscu ssio n sh o w s that fo r tech n ical reaso n s th e u se of σ /E 0 y ield s m o re co n sisten t resu lts than E 0 . In reality w e h a v e g ath ered all th e d etecto r-d ep en d en t co n stan ts in eq u atio n (8 ) to d e fin e a n ' em u lsio n constant'
w h ich w e u se to ch aracterize a g iv en em u lsio n stack .
W e h av e tested th e v alid ity of th e co n cep t of a u n iq u e em u lsio n co n stan t w h ich ch aracterizes a stack of em u lsio n , b y b rin g in g to g eth er ex p erim en tal data o b tain ed in tw o in v estig atio n s [5 , 6 ] m ad e in an em u lsio n stack w h ich d iffe rs fro m th e o n e u sed in th e ab o v e-m en tio n ed co m p ariso n s. T h e tw o stu d ies em p lo y ed both ty p e 1 and ty p e 2 p h o to m eters. In each c a se o n ly o n e track w a s m easu red . T h e tw o track s w ere lo cated in d ifferen t h alv es of th e stack . T h e n u m erical v alu es of C o b tain ed fro m th e o p tim izatio n p ro ced u re w e re fo u n d to d iffe r b y le ss than 3 p . cen t. C o n sid erin g th e ab o v e lim itatio n s th is rem ark ab le ag reem en t m ay w e ll b e su p erficial. H o w ev er, w e can co n fid en tly state that th e tw o d eterm in atio n s of C y ie ld co n sisten t resu lts. O u r co n clu sio n th en is that th e em u lsio n co n stan t C carries m u ch of th e in fo rm atio n ab o u t an em u lsio n stack relev an t to p h o to m etry of track s of p articles w ith in th e stu d ied ch arg e an d v elo city in terv als.
T h e fu n d am en tal n atu re of C can b e se e n fro m a fu rth er stu d y of eq u atio n (8 ). C o n sid er a n u clear em u lsio n of th ick n ess d u n ifo rm ly ex p o sed to a lo w O n acco u n t of th e g ro w th of th e silv e r g rain s d u rin g th e d ev elo p m en t th is e ffe c t b eg in s to b e of im p o rtan ce alread y at d o ses w h ich are sm aller than E 0 . A s a co n seq u en ce of th e clu sterin g , eq u atio n (3 ) w h ich is b ased o n th e co n cep t of lig h t scatterin g ag ain st ran d o m ly d istrib u ted in d iv id u al silv e r g rain s can n o t b e ex p ected to h o ld . T h is m ean s that in th e reg io n E « E 0 th ere w ill b e m ark ed ch an g es in th e transport of lig h t and th u s in th e co m b in ed resp o n se of th e n u clear em u lsio n an d th e p h o to m eter. L o cal o v er-ex p o su re alo n g th e p ath of in d iv id u al δ -ray s o b v io u sly is a co m m o n e ffe c t also at d istan ces t su ch that E (t) < E 0 . T h is h as b een d iscu ssed in th e p ap er b y F o w ler et a l. [7 ] w h o point out that in th e reg io n E < E 0 eq u atio n (3 ) sh o u ld b e ap p ro p riate in sp ite of th e clu sterin g o ccu rin g alo n g in d iv id u al δ-ray s. C learly th e c lu ste-rin g affects th e p h y sical in terp retatio n of th e cro ss-sectio n σ . K atz et a l. [8 ] call th e in terv al E > E 0 th e track w id th reg im e an d th e in terv al E < E 0 th e g rain count re g im e .
T h e lo w er lim it to E in em u lsio n is g iv e n b y th e sp u rio u s en erg y d o se E b w h ich is sim u lated b y th e random flu ctu atio n in th e n u m b er of b ack g ro u n d g rain s.
F ig . 4 . -A q u a lita tiv e sk e tc h o f th e m e a n e n e rg y d o se a s a fu n c tio n o f ra d ia l d ista n c e fro m tra c k a x is fo r re la tiv istic io n s w ith d iffe re n t c h a rg e n u m b e r Z .
In ad d itio n to th e lim its E 0 and E b w e h av e to co n sid er a lim it t0 , se t b y th e sp atial reso lu tio n w h ich can b e tak en to b e th e sam e as th e d iam eter of a d ev elo p ed g rain , i.e . of th e o rd er of 0 .5 µ m . T h ese lim its are illu strated in F ig . 4 w h ich sh o w s th e q u alitativ e d ep en d en ce of E o n t fo r relativ istic io n s w ith d ifferen t v alu es of Z . T h e rectan g u lar area co n fin ed b etw een E 0 an d E b an d ch aracterized b y t > t0 can co n v en ien tly b e called th e δ-ray reg im e . F ig . 4 clearly sh o w s that fo r h ig h v alu es of Z th e n m u b er of g rain s, i.e . th e in fo rm a tio n co n ten t in th e o v er-ex p o sed track co re is sm all co m p ared w ith th e n u m b er o u tsid e th e co re, i.e . in th e δ -ray s. F or lo w v alu es of Z th e o p p o site is tru e. T h u s p red ictio n s b ased o n eq u atio n (3 ) cannot b e reliab le as lo n g as th e track co re is o v er-ex p o sed an d th e total n u m b er of g rain s in th e co re is larg er th an in th e δ -ray s.
A cco rd in g to th ese co n sid eratio n s w e ex p ect to fin d d iscrep an cies b etw een ex p erim en t an d th eo ry at ch arg e n u m b ers sm aller than th e o n es p rev io u sly in v estig ated . A s se e n b y th e co m p ariso n sh o w n in F ig . 5 su ch d iscrep an cies d o ex ist. T h e co m p ariso n in F ig . 5 is m ad e fo r in teg rated ab so rp tan ce v alu es fo r Z = 6 at d ifferen t v elo citie s. E x p erim en tal p o in ts are tak en fro m th e stu d y b y Jen sen [6 ] . T h e so lid lin e is th e p red ictio n fro m th eo ry . T h e em u lsio n co n s tant n eed ed fo r th e calcu latio n w as d eterm in ed fro m a fit to ex p erim en tal d ata in th e ch arg e n u m b er in terv al 1 4 < Z < 2 6 w h e re th e th eo ry is k n o w n to b e v alid . U n fo rtu n ately , fro m lack of ex p erim en tal d ata, w e h av e not b e e n ab le to ex ten d th e co m p ariso n to o th er ch arg e n u m b ers Z < 1 4 . T h u s w e can o n ly state that th e th eo ry b reak s d o w n so m ew h ere in th e ch arg e in terv al 6 < Z < 1 4 . F ro m th e ab o v e d iscu ssio n it sh o u ld b e clear that th e d eterio ratio n of th e q u ality of th e th eo retical p red ictio n s m u st b e g rad u al. F or an in v estig atio n of th e b eh av io u r of th e th eo ry at Z > 2 6 w e h av e u sed th e ex p erim en tal data b y F o w ler et a l. [7 ] , T h ese d ata an d o u r th eo retical p red ictio n s are sh o w n in F ig . 6 . T h e em u lsio n co n stan t n eed ed fo r th e calcu latio n w as d eterm in ed fro m a fit to ex p erim en tal data at Z = 2 6 . W e h av e assu m ed that th e ch arg e g ro u p s fo r w h ich o p tical d en sity p ro files h av e b een g iv e n b y F o w ler et a l. [7 ] h av e th e av erag e ch arg e n u m b ers <Z> an d v elo c ities β acco rd in g to th e T ab le. -O p tic a l d e n sity a s a fu n c tio n o f la te ra l d ista n c e fro m tra c k a x is fo r c h a rg e n u m b e rs Z > 2 6 . T h e o re tic a l re la tio n sh ip s g iv e n b y so lid lin e s, e x p e rim e n ta l p o in ts (d u e to F o w le r e t a l. [7 ] b y c irc le s. V e lo c ity in te rv a l 0 .8 0 < β < 0 .9 4 .
R A D I O P R O T E C T I O N
O u r calcu lated p ro file fo r Z = 1 0 0 an d β = 0 .9 0 m atch es th e ex p erim en tal data fo r th e ultra h eav y p article w ith an assig n ed ch arg e n u m b er of Z  1 0 2 v ery w e ll, ex cep t fo r th e p o in t at th e lateral d istan ce of 5 µ m . T h u s o u r calcu latio n s can b e tak en as an in d ep en d en t ch eck of th e g en eral co rrect n e ss of th e ch arg e d eterm in atio n u se d b y F o w ler et a l. [7 ] . H o w ev er, it m u st b e p o in ted o u t that th e le v e l of th e d en sity p ro file d ep en d s v e ry stro n g ly o n th e v e lo city , th e fo rm of th e p ro file u n fo rtu n ately b ein g alm o st in d ep en d en t of p . T h is m ean s that d ifferen t se ts of Z an d β can d escrib e th e sam e ex p erim en tal p ro file w ith g o o d accu racy . T o d em o n strate th is w e sh o w in F ig . 6 also a calcu lated p ro file fo r Z = 9 2 an d β = 0 .8 0 . T h is p ro file is se e n to fo llo w v e ry c lo sely th e p ro file fo r Z = 1 0 0 an d β = 0 .9 0 , A cco rd in g to th e en erg y sp ectru m sh o w n b y F o w ler et a l. [7 ] it se e m s q u ite p o ssib le that in th eir ex p erim en t an io n w ith Z = 9 2 can h av e β = 0 .8 at th e d etecto r le v e l. T h is m ean s that fo r a p o sitiv e id en tificatio n of tran suranic elem en ts in th e co sm ic rad iatio n b y th e m eth o d em p lo y ed b y F o w ler et a l. [7 ] an ex trem ely carefu l d eterm in atio n of p article v elo city is n eed ed .
F ro m th is part of th e in v estig atio n w e d raw th e co n clu sio n that K atz's th eo ry is cap ab le of d escrib in g th e stru ctu re of track s of fast io n s in th e en tire ch arg e in terv al Z > 1 4 .
F in ally w e w ish to m ak e so m e co m m en ts about th e lim itatio n s of o u r stu d y . T h ese p o in ts co u ld b e of so m e v alu e fo r p eo p le w h o are g o in g to ap p ly K atz's th eo ry of track fo rm atio n fo r d etecto rs w h ich h av e a resp o n se d ifferen t fro m that of n u clear em u lsio n .
1 . T h e sen sitiv e elem en t of th e n u clear em u lsio n , i.e . th e A g B r cry stal h as a m u ch sim p ler stru ctu re than th e sen sitiv e elem en t of m o st o th er d etecto rs, su ch as liv in g c e lls o r ev en d ielectrics.
2 . T h e ab o v e resu lts are v alid fo r a situ atio n w h e re th e en tire en erg y d o se is d ep o sited w ith in a v ery sh o rt in terv al of tim e. It is k n o w n that th e re p a ir of n u clear em u lsio n , i.e . th e fad in g of th e laten t im ag e, is ex trem ely slo w . F ro m th is o n e co u ld in fer that th e sam e en d e ffe c t a s o b serv ed b y u s w o u ld resu lt if th e ap p ropriate en erg y d o se w a s d eliv ered in sm all step s d u rin g a lo n g in ter v al of tim e. H o w ev er, th is p ro b lem h as not b een d ealt w ith in th e p resen t stu d y .
3 . O u r in v estig atio n y ie ld s n o in fo rm atio n ab o u t th e b eh av io u r of K atz's th eo ry at d istan ces sm aller th an about 0 .5 µ m fro m th e track a x is. 4 . W e h av e n o t stu d ied th e b eh av io u r of th e th eo ry in a sy stem atic w a y fo r ch arg e n u m b ers Z < 1 4 and p article v elo cities o u tsid e th e in terv al 0 .3 < P < 0 .8 .
5 . W ith in th e ab o v e lim itatio n s w e fin d K atz's th eo ry to b e v ery w e ll su ited fo r a d escrip tio n of th e stru ctu re o f track s of io n izin g p articles in n u clear em u lsio n .
T h e research rep o rted in th is d o cu m en t h as b een sp o n so red in part b y th e S w ed ish N atural S c ie n c e R esearch C o u n cil, w h ich is g ratefu lly ack n o w led g e d .
